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Introduction
Species differences in drug metabolism and transport in the liver between humans and experimental animals are a critical issue during drug development. To overcome this problem, chimeric mice with humanized liver (PXB mice; PhoenixBio Co., Ltd., Hiroshima, Japan) have been generated by transplantation of human hepatocytes into albumin enhancer/promoter-driven urokinase-type plasminogen activator/severe combined immunodeficiency (uPA +/+ /SCID) mice; in these mice, approximately 80% of the hepatocytes are human (Tateno et al., 2004) . PXB mice generate human-specific metabolites (Inoue et al., 2009; Kamimura et al., 2010; Yamazaki et al., 2010; De Serres et al., 2011) , and pregnane X receptor (PXR)-dependent induction of metabolizing enzymes was observed when the mice were treated with a human PXR ligand (Hasegawa et al., 2012) . Therefore, the liver of PXB mice is considered to be potentially useful as a model of human liver for studies of drug metabolism.
The uptake of most drugs from circulating blood into the liver at the sinusoidal membrane of hepatocytes involves active transport. The drugs subsequently undergo biotransformation by intracellular enzymes such as cytochrome P450 (P450) and UDP-glucuronosyltransferase (UGT), and the parent drug or its metabolites are eventually excreted from the hepatocytes by canalicular and/or sinusoidal transporter proteins. Therefore, expression analyses of metabolic enzymes and transporters in the liver of PXB mice are essential to validate the model. For example, it has been established that PXB mice with a high replacement ratio express 8 human P450s and human phase II enzymes, including 3 UGTs, at similar levels to those in human liver, by means of quantitative PCR and quantitative immunoblot analyses (Katoh et al., 2004; Katoh et al., 2005) .
Gene expression of the human ATP binding cassette (ABC) transporters and human solute carrier (SLC) transporters was also confirmed in humanized liver (Nishimura et al., 2005; Kikuchi et al., 2010) . However, protein expression of drug transporters has not yet been quantitatively analyzed DMD #57646 6 in PXB mice. This is important, because we recently showed that there is a poor correlation between protein and mRNA expression levels of metabolizing enzymes (except CYP3A4) and transporters in human livers; for example, the correlation coefficients (r 2 ) were less than 0.3 for CYP1A2, 2C9, 2A6, 2E1, UGT1A1, 2B7, MRP2, MDR1, BSEP, MATE1, OCT1, NTCP and OATP1B3 (Ohtsuki et al., 2012) . Furthermore, metabolizing activities of P450s, such as CYP2C9, 2C19, 2D6 and 2E1, were correlated to expression levels of protein rather than mRNA (Ohtsuki et al., 2012) . In addition, human hepatocytes are transplanted to produce the PXB mice, so it is also important to consider the influence of the donor on the protein expression of metabolizing enzymes and transporters.
We have recently developed a liquid chromatography-tandem mass spectrometry (LC-MS/MS)-based protein quantification method that does not require antibodies (Kamiie et al., 2008) . In this method, the target protein concentration in a sample is determined after enzymatic digestion by quantifying one or more peptide fragments specific to the target molecule. By using this method, we have measured protein expression levels of metabolizing enzymes and transporters in human and mouse livers (Kamiie et al., 2008; Kawakami et al., 2011; Ohtsuki et al., 2012) . Since the target peptide is identified by mass-weight information, a single amino acid difference can be distinguished. Furthermore, the specificity, accuracy and dynamic range of quantification by LC-MS/MS-based analysis (coefficient of variance (CV) < 20% and 3-order-of-magnitude dynamic range) are greatly superior to those in the case of immunoblot analysis (Kamiie et al., 2008; Kawakami et al., 2011; Ohtsuki et al., 2011) . Therefore, this method was considered to be suitable for validating PXB mouse as a human liver model in terms of protein levels in the liver.
The purpose of the present study was to clarify the protein expression levels of metabolizing enzymes and transporters in liver of PXB mice transplanted with human hepatocytes from This article has not been copyedited and formatted. The final version may differ from this version. 
Materials and Methods
Generation of PXB mice
The present study was approved by the Ethics Committees of the Graduate School of Pharmaceutical Sciences, Tohoku University and PhoenixBio Co., Ltd. The experiments in this report conformed to the guidelines established by the Animal Care Committee, Graduate School of Pharmaceutical Sciences, Tohoku University and PhoenixBio Co., Ltd. The cryopreserved human hepatocytes from donor BD85 (black, male, 5 years old), BD72 (white, female, 10 years old) and BD87 (white, male, 2 years old) were purchased from BD BioSciences (San Jose, CA) (Supplemental Table 1 ). The chimeric mice with humanized liver were generated by the method described previously (Tateno et al., 2004) . Briefly, uPA +/+ /SCID mice were prepared (Tateno et al., 2004) , and at 3 weeks after birth they were injected with human hepatocytes through a small left-flank incision into the inferior splenic pole. The concentration of human albumin in the blood of the chimeric mice and the replacement index (RI; the rate of the replacement from mouse to human hepatocytes) were measured using latex agglutination immunonephelometry (LX Reagent 'Eiken' Alb II; Eiken Chemical, Tokyo, Japan) and anti-human specific cytokeratin 8 and 18
antibody (Cappel Laboratory, Cochranville, PA), respectively (Supplemental Table 1 ). There was a good correlation between the human albumin concentration and the RI (Tateno et al., 2004) . In this study, the chimeric mice were used at 13 to 14 weeks of age.
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Microsomal and plasma membrane fractions of liver were prepared as described previously (Ohtsuki et al., 2012) . For details, see Supplemental Information. Protein quantitation of the target molecules was simultaneously performed by means of HPLC-MS/MS for metabolizing enzymes or nanoLC-MS/MS for transporters with multiplexed multiple reaction monitoring (multiplexed MRM) as described previously Shawahna et al., 2011; Uchida et al., 2011) . Protein expression levels were determined by quantifying specific target peptides produced by trypsin digestion (Supplemental Table 2 ). Absolute amounts of each target peptide were determined by using an internal standard peptide, which is a stable isotope-labeled peptide with the identical amino acid sequence to that of the corresponding target peptide. Details of the quantification procedure are given in Supplemental Information.
One specific peptide was selected for quantification of each target protein, and measured at 4 different MRM transitions. The amount of each peptide was determined as an average of 3 or 4
MRM transitions from one sample. In cases where signal peaks of fewer than 3 transitions were obtained, the amount of peptide in the sample was defined as under the limit of quantification.
The absolute expression amount of CYP3A4 was calculated from the quantitative data obtained for a peptide generated from both CYP3A4 and CYP3A43, by subtracting the value obtained for a peptide that is specific for CYP3A43. Since CYP3A43 was under the limit of quantification in all samples, quantification values obtained with CYP3A4/43 peptides were used as those of CYP3A4.
For the comparison of protein expression levels between humanized liver of PXB mice and human liver, the data for microsomal fraction of 17 human liver biopsies were taken from our previous publication (Ohtsuki et al., 2012) .
Statistical analysis
This article has not been copyedited and formatted. The final version may differ from this version. 1 0 levels among donors (p < 0.05). In addition, CYP3A5 and 3A7 were determined all 5 samples from donor BD85, but were not detected or were detected in only 1 sample from the other donors.
CYP2D6 was detected in only 1 sample from donor BD72, but was detected in all samples from BD85 and BD87.
Protein expression levels of transporters in plasma membrane fraction of PXB mouse liver
Protein expression levels of 7 human ABC transporters, 8 human SLC transporters, Na + /K + ATPase and γ-GTP were determined in plasma membrane fraction of PXB mouse liver, since these drug transporters function at the plasma membrane (Table 2 ). Na although the variability appeared to be greater than that of the microsomal fraction All human transporters, except BCRP, were quantified in all 11 samples (Table 2 ). MDR3 and BSEP exhibited the highest expression levels among the quantified transporters at 8.68 and 7.57 pmol/mg plasma membrane protein, respectively. Human BCRP was not detected in 5 samples from donor BD85, and was not quantified in samples from BD72 and BD87, in accordance with a report that BCRP expression is very low in human liver plasma membrane fraction (Ohtsuki et al., 2012) . The average value of %CV of all samples was 47.0%, which was similar to that of microsomal fraction (43.4%), and significantly greater than that of BD72 (25.5%, p < 0.01) or BD87 (25.6%, p < 0.01). It was also greater, though not significantly, than that of BD85 (35.4%).
Therefore, differences among the donors appear to contribute substantially to the variances of protein expression levels in all samples. MDR3, BSEP, MRP2, ABCG8, OCT1 and OATP1B3 showed significantly different protein expression levels, depending on the hepatocyte donors (p < 0.05).
Comparison of protein expression levels in liver of PXB mice and human.
The protein expression levels of metabolizing enzymes and transporters in PXB mouse liver shown in Tables 1 and 2 were compared to those in human liver. The protein expression levels determined in 17 human liver biopsies (8 males and 9 females, age 20-74) were taken from our previous report (Ohtsuki et al., 2012) . In the human liver biopsies, metabolizing enzymes and transporters were quantified in both microsomal fraction and plasma membrane fraction, as in the case of PXB mice. Expression levels of molecules determined both in PXB mouse and human livers are compared in Fig. 1 . The differences between PXB mouse liver and human liver for all compared metabolizing enzymes and transporters were within 4-fold, for except CYP2A6 and CYP4A11 among metabolizing enzymes, and MDR3 and BSEP among transporters. Protein expression levels of CYP2A6 and CYP4A11 in PXB mouse liver microsomal fraction were 5.50-and 4.33-fold lower than those in human liver microsomal fraction, respectively. In contrast, protein expression levels of BSEP and MDR3 in PXB mouse liver plasma membrane fraction were 5.12-and 4.62-fold greater than those in human liver plasma membrane fraction.
Discussion
In the present study, we investigated the protein expression levels of human metabolizing enzymes in microsomal fraction and human membrane transporters in plasma membrane of humanized liver of PXB mice using LC-MS/MS based protein quantification. In total, 11 livers of PXB mice humanized with hepatocytes from 3 different donors were quantified. Our results
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1 2 indicate that differences in the human donors contributed substantially to the variations of measured protein expression levels (Tables 1 and 2 ). This seems reasonable, because the PXB mice were bred under controlled conditions, whereas the human donors might have been exposed to a variety of different environmental factors, such as food and drug intake, that could affect the expression of metabolizing enzymes and transporters.
Protein expression of CYP3A5 and CYP3A7 was detected in all liver samples from only one donor (BD85), and protein expression of CYP2D6 was detected in all liver samples from two donors (BD72 and BD87) ( Table 1 ). In the previous study with PXB mice from two donors, CYP3A5 protein expression levels were very low in liver from both donors, and the reason for its low expression was genetic polymorphisms of the donor hepatocytes (Katoh et al., 2004) . In our previous report, liver biopsies were clearly classified into two groups; a high-CYP3A7 group and a very low CYP3A7 group (Ohtsuki et al., 2012) . Hence, the large differences in protein expression levels of these molecules might be attributable to differences in the genetic background of donor hepatocytes, although it is not known whether SNPs were present in the transplanted human hepatocytes in our study. These results suggest that it is important to characterize the donor hepatocytes in studies with PXB mice, and in principle experiments should be performed with PXB mice humanized with hepatocytes from the same donor to ensure comparability of data.
In our previous reports, individual differences of BSEP protein expression were not large in plasma membrane fraction of human liver; the % CV was 29.7% among 17 liver biopsies (Ohtsuki et al., 2012) . In contrast, % CV of BSEP protein expression was 105% in PXB liver (Table 2) . A possible explanation is that BSEP expression is highly regulated in human liver, but lack of human-specific regulation in PXB mice resulted in a very high variance of protein expression. Interestingly, differences in MDR3 protein levels according to donor showed a This article has not been copyedited and formatted. The final version may differ from this version. (Cui et al., 2002; Song et al., 2013) . Although further studies are necessary, it was possible that a shared regulatory mechanism of BSEP and MDR3 played some role in the inter-donor differences.
The present study demonstrated that protein expression levels of most of the quantified metabolizing enzymes and transporters were within a 4-fold range from those in the same fraction of human liver reported previously (Ohtsuki et al., 2012) (Fig 1) . This range of difference was the same as that in average expression levels among the 3 donors. The enzyme activities of P450 enzymes were reported to be better correlated to protein expression levels in the microsomal fraction than to mRNA expression levels (Ohtsuki et al., 2012) . We compared the protein expression levels of transporters between PXB mice and human in plasma membrane fraction, where the quantified transporters function. A large species difference was reported in protein expression levels of BCRP in plasma membrane fraction: 0.419 pmol/mg protein in human liver and 8.51 pmol/mg protein in mouse liver (Kamiie et al., 2008; Ohtsuki et al., 2012) .
Here, human BCRP was under the limit of quantification in humanized liver of PXB mice, indicating that human hepatocytes retain the characteristic low expression of BCRP in PXB mice.
Overall, our results indicate that humanized liver in PXB mice well retains the protein expression pattern of metabolizing enzymes and transporters of human liver.
Our previous report demonstrated that, in sandwich-cultured human hepatocytes, differences of protein expression levels of metabolizing enzymes and transporters compared with those in human liver were within a 5-fold range (Schaefer et al., 2012) . A similar range of difference was found in liver of PXB mice in this study, though in cultured human hepatocytes, the protein expression levels of transporters tended to be greater than those in human liver. Since humanized This article has not been copyedited and formatted. The final version may differ from this version. liver retains the structure of human liver tissue (Tateno et al., 2013) , our results suggest that humanized liver of PXB mice is a useful model for analyzing human hepatic drug metabolism in vivo.
In conclusion, we measured the protein expression levels of metabolizing enzymes in microsomal fraction and transporters in plasma membrane fraction of humanized liver of chimeric PXB mice. The protein expression levels of the quantified metabolizing enzymes and transporters well reflected those of the donor human liver. The protein expression in humanized liver was significantly affected by background of each individual donor. Our results indicate that humanized liver of PXB mice is a useful model of human liver, but it is important to note that interpretation of the results obtained from PXB mice requires a knowledge of not only the value of the replacement index, but also information about the background of the hepatocyte donor.
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Figure 1
This article has not been copyedited and formatted. The final version may differ from this version. Cryopreserved human hepatocytes from donors BD85 (black, male, 5 years old), BD72 (white, female, 10 years old) and BD87 (white, male, 2 years old) were transplanted into urokinasetype plasminogen activator/severe combined immunodeficiency mice to generate chimeric mice. The replacement index, which is the rate of the replacement from mice to human hepatocytes, was measured using anti-human specific cytokeratin 8 and 18 antibody (Tateno et al., 2004) . a Amino acid sequence of tryptic peptide is conserved in both human and mouse proteins.
Supplemental
N.D., not detected (no peak was detected, or only one or two peaks were detected, at the same retention time as that of the internal standard peptide).
The quantified peptides of 6 proteins (CYP2E1, P450R, Na 
Supplemental Methods
Preparation of microsomal and plasma membrane fractions
Mice were euthanized by cardiac puncture under anesthesia with ether. The livers were isolated and perfused with saline to remove blood, and then frozen in liquid nitrogen immediately.
Frozen liver tissues were dissected and homogenized using a Potter-Elvehjem homogenizer in buffer A (0.1 M KCl-phosphate buffer (pH 7.4) containing a protease inhibitor cocktail (Sigma Chemical Co., St. Louis, MO). The obtained homogenates were centrifuged at 10,800 × g for 20 min at 4°C and the supernatants were collected and ultracentrifuged at 100,000 × g for 60 min at 4°C. The microsomal pellet was suspended in buffer A and ultracentrifuged at 100,000
× g for 60 min at 4°C. The resulting pellet was suspended in buffer B (20 mM Tris-HCl-buffer containing 0.25 M saccharose and 5.4 mM EDTA), and part of the solution was stored at -80 °C as microsomal fraction . The remaining portion was layered on top of a 38% (w/v) sucrose solution and centrifuged at 100,000 x g for 30 min at 4°C. The turbid layer at the interface was recovered, suspended in buffer B, and centrifuged at 100,000 x g for 30 min at 4°C. The plasma membrane fraction was obtained from the resulting pellet, which was suspended in buffer B. Protein concentrations were measured by the Lowry method using the DC protein assay reagent (Bio-Rad, Hercules, CA).
LC-MS/MS-based protein quantification analysis
Absolute amounts of each target peptide were determined by using an internal standard peptide, which is a stable isotope-labeled peptide with the identical amino acid sequence to that of the corresponding target peptide. The amino acid sequences of target peptides are shown in Supplemental table 2. The sequence specificity of each peptide was checked against the UniProt database of human and mouse proteins. All peptides, except CYP2E1, P450R, Na + /K + ATPase, -GTP, ABCG8 and NTCP, were specific for human target proteins, and were not detected in microsomal or plasma membrane fraction of mouse liver. The peptides of CYP2E1, P450R, Na + /K + ATPase, -GTP, ABCG8 and NTCP were specific for both human and mouse target proteins, and were detected in either fraction of mouse liver, except for -GTP, as shown in Supplemental table 2. The peptide of -GTP was not detected in either microsomal or plasma membrane fraction. The detailed MRM conditions for the peptides were reported previously (Kamiie et al., 2008; Ohtsuki et al., 2011; Sakamoto et al., 2011; Shawahna et al., 2011; Uchida et al., 2011) .
Protein samples were suspended in suspension buffer containing 7 M guanidium hydrochloride and 10 mM EDTA. Samples were reduced with dithiothreitol at room temperature for 60 min under a nitrogen atmosphere, and S-carbamoylmethylated by treatment with iodoacetamide at room temperature for 60 min. The alkylated proteins were precipitated with a mixture of methanol and chloroform. The precipitates were dissolved in 6 M urea, diluted with 100 mM Tris-HCl (pH 8.0) and digested with tosylphenylalanyl chloromethyl ketonetreated trypsin at an enzyme/substrate ratio of 1:100 at 37°C for 16 hours.
The tryptic digests were spiked with stable isotope-labeled internal standard peptides and acidified with formic acid for analysis with the nano LC system or HPLC system, which was connected to an electrospray ionization triple quadrupole mass spectrometer (QTrap5500 for transporters or API5000 for metabolizing enzymes; AB Sciex, Foster City, CA, USA), operated in the positive ionization mode. LC was performed with C18 columns; L-column 0.1 mm ID x 5 mm (Chemical Evaluation and Research Institute, Tokyo, Japan) for nanoLC and ZORBAX SB-C18 1.0 mm ID x 150 mm (Agilent, Santa Clara CA). Linear gradients of 1-45% acetonitrile in 0.1% formic acid were applied to elute the peptides at a flow rate of 200 nl/min for nano LC (DIONEX Ultimate 3000, DIONEX, Sunnyvale, CA) or 50 l/min for conventional LC (Agilent 1100, Agilent). The mass spectrometer was set up to run a multiplexed-MRM experiment for peptides. The ion counts in the chromatograms were determined by using the
